The liquid-gas phase transition in hot asymmetric nuclear matter is studied within density-dependent relativistic mean-field models where the density dependence is introduced according to the Brown-Rho scaling and constrained by available data at low densities and empirical properties of nuclear matter. The critical temperature of the liquid-gas phase transition is obtained to be 15.7 MeV in symmetric nuclear matter falling on the lower edge of the small experimental error bars. In hot asymmetric matter, the boundary of the phase-coexistence region is found to be sensitive to the density dependence of the symmetry energy. The critical pressure and the area of phase-coexistence region increases clearly with the softening of the symmetry energy. The critical temperature of hot asymmetric matter separating the single-phase region from the two-phase region is analyzed to have a moderate sensitivity to the symmetry energy and is higher for the model possessing the softer symmetry energy.
Introduction
The determination of the properties of hadronic matter at finite temperature and density is a fundamental problem in nuclear physics. At low densities, the so-called liquidgas (LG) phase transition in nuclear matter may occur at sufficiently low temperatures due to the van der Waals behavior of the nucleon-nucleon interaction. The study of the LG phase transition in intermediate energy heavy-ion collisions is of considerable interest over the last three decades. In the past, properties of the nuclear LG phase transition have been explored both experimentally and theoretically in a variety of works [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17] . The calculated critical temperature of symmetric nuclear matter lies in a wide range, e.g., 13-24 MeV, for various phenomenological models [8, 9, 10, 11, 12, 13] .
To understand better the features of the LG phase transition in hot asymmetric nuclear matter, it is imperative to employ the nuclear equation of state (EOS) of asymmetric matter. Recent progress in experiments with radioactive beams provides us a great opportunity to constrain the nuclear EOS of asymmetric matter. However, the nuclear EOS of asymmetric matter, especially the density dependence of the symmetry energy, is still rather poorly known [17, 18, 19] . The study of the LG phase transition may open a possible window to constrain the nuclear EOS of asymmetric matter. In the past, the sensitivity of the LG phase transition to the density dependence of the symmetry energy was explored with the non-relativistic models in Ref. [15] . Similar work with the nonlinear relativistic mean-field (RMF) models can be found in Ref. [16] . In this work, we study the thermodynamic properties of the LG phase transition in hot asymmetric nuclear matter with density-dependent RMF models.
The density-dependent RMF models adopted in present work [20, 21] feature the chiral limits at high densities with the in-medium hadron properties according to the Brown-Rho (BR) scaling [22, 23] . These models achieved satisfactory success in describing the nuclear EOS of asymmetric matter, the large mass neutron stars, and ground-state properties of finite nuclei [20, 21] . It was known that the associated parameters that describe the in-medium hadron properties are in agreement with those from microscopic calculations [24] or those extracted from recent experimental data at low densities [25, 26, 27] . In addition, the BR scaled NN interaction was succeeded in yielding the observed 14 C beta decay suppression [28] . Therefore, it is appealing to adopt the models with the BR scaling to study the properties of the LG phase transition that occurs in the low-density region. The emphasis is put on the influence of the asymmetric nuclear EOS, especially the density dependence of the nuclear symmetry energy, on the properties of the LG phase transition.
Formalism
The Lagrangian density of the density-dependent RMF models is written as
where ψ, σ, ω, and b 0 are the fields of the nucleon, scalar, vector, and isovector-vector mesons, with their in-medium scaled masses M * , m * σ , m * ω , and m * ρ , respectively. F µν , B µν are the strength tensors of ω and ρ mesons, respectively
g * σ , g * ω , and g * ρ are the coupling constants of the scalar, vector and isovector-vector mesons with nucleons, respectively. The meson coupling constants and hadron masses with asterisks denote the density dependence, given by the BR scaling [20, 21, 22] .
In the mean-field approximation, the energy density and pressure at the finite temperature are given as
and
where
σ σ the effective mass of nucleon, α is the isospin asymmetry parameter being α = (ρ n − ρ p )/ρ B with ρ B = ρ n + ρ p , and Σ 0 is the rearrangement term originating from the density dependence of the parameters,
The distribution functions n τ (k) and n τ (k) for nucleon and antinucleon are given as
where the effective chemical potentials for nucleons read
with + in ± for neutrons and − for protons. The chemical potentials or effective chemical potentials for nucleons can be determined from the nucleon densities
With the density-dependent RMF models, we can now study the LG phase transition.
In this study, we do not consider the finite size effect and thus assume as usual the matter is homogeneous. The two phase coexistence is governed by the Gibb's conditions:
where L and G stand for the liquid and gas phase, respectively. The Gibbs conditions (8) and (9) require the same pressures and chemical potentials for two phases at different densities and isospin asymmetries. The stability conditions are given by
3 Results and discussion
We first discuss the liquid-gas phase transition in symmetric nuclear matter with the density-dependent RMF models SLC and SLCd that only differ in the density dependence of the symmetry energy [21] . In Fig. 1 , we show the pressure of symmetric matter as a function of nucleon density at various temperatures. At the low temperature, the pressure first increases and then decreases with the increasing density. The p-ρ B isotherms exhibit the form of the two phase coexistence, with a mechanically unstable region for each. In both models that share the same EOS of symmetric matter [21] , there appears an equal critical point at temperature T = 15.7 MeV, where ∂p/∂ρ B = 0, and ∂ 2 p/∂ 2 ρ B = 0. This temperature is called the critical temperature beyond which symmetric nuclear matter can only be in a single phase. The experimental value of the critical temperature extracted for symmetric matter is 16.6 ± 0.9 MeV [10] , while our prediction is situated on the lower error bar. In symmetric matter, the LG phase transition should be of first order, whereas in asymmetric matter it was recognized to be of second order [5, 14] . In hot asymmetric matter, we can nevertheless obtain a temperature, denoted as T asy , at a fixed α similarly according to the relation ∂p/∂ρ B = ∂ 2 p/∂ 2 ρ B = 0. We show in Fig. 2 the T asy as a function of α in SLC and SLCd. It is found that this temperature is clearly lower for the softer symmetry energy that gives higher values in the low-density region where the LG phase transition occurs. This is understandable because at given temperatures it is easier to access to a larger isospin asymmetry in asymmetric matter with a smaller symmetry energy of the model. However, the temperature determined from a point of inflection is not the critical temperature for asymmetric matter. In deed, with the conserved isospin asymmetry of asymmetric matter the pressure and chemical potentials in the LG coexisting phase change throughout the transition [5] , in contrast to the case of symmetric matter. The calculation of the critical temperature T c in asymmetric matter is thus different, and we will calculate the T c later on. Now, we turn to the discussion on the LG phase transition in asymmetric nuclear matter according to the Gibbs conditions (10) and (11) . For a fixed pressure, the two solutions of the LG phases to the Gibbs conditions form the edges of a rectangle in the proton and neutron chemical potential isobars as a function of isospin asymmetry α and can be found by means of the geometrical construction method [5, 9] . We thus need firstly to obtain the proton and neutron chemical potential isobars. The chemical potentials of the proton and neutron, together with the isospin asymmetry parameter, are numerically determined at given pressures and densities. Fig. 3 shows the µ n and µ p isobars as a function of α at fixed temperature T = 10 MeV for various pressures.
The solid and dashed curves are for protons and neutrons, respectively. We see that the curves for lower pressures are more complicated than those for higher pressures. Using the geometrical construction in the chemical potential isobars, we can then obtain two solutions at different isospin asymmetry parameters α for two phases under the chemical and mechanical equilibriums. As an example, we plot the rectangle for the case of T = 10MeV and p = 0.12MeV f m −3 in Fig. 3 . The solution with the larger α defines the gas phase with the lower density, while the solution with the smaller α defines the liquid phase with the higher density. The pair of the solutions of the Gibbs conditions found by the geometrical method forms the phase-separation boundary at a given pressure in hot asymmetric nuclear matter, while all pairs build up the binodal surface. In Fig. 4 , we show the section of the binodal surface at T=10 MeV. The binodal surface is divided into two branches by the critical point (CP) (α c , p c ) and the point of the equal concentration (EC) (α = 0). One branch is the high-density (liquid) phase, and the other branch is the low-density (gas) phase. We see in Fig. 4 that a much higher CP and a much larger boundary of the phase coexistence appear in SLCd, compared with those in SLC. This indicates that the section of the binodal surface is very sensitive to the density dependence of the symmetry energy, because the unique difference between the SLCd and SLC is that the former possesses the much softer symmetry energy than that in the latter. Similar sensitivity was found in Refs. [15, 16] . Also, we see that the softness of the symmetry energy in SLCd makes the maximal asymmetry (MA) a little larger, as compared with the MA in SLC.
As shown in the binodal curve in Fig. 4 , the system can only be in a single phase for α > α c at a given temperature. Correspondingly, at a fixed α (α = α c ) the given temperature plays a role of the critical temperature T c beyond which the system totally cannot fall into the liquid phase at all pressures. In this way, one can obtain the critical temperatures at various α. In Fig. 5 , we depict T c as a function of α in SLC and SLCd. It is seen that the critical temperature separating a single phase from the coexisting liquid-gas phase decreases rapidly with increasing the isospin asymmetry parameter α ≥ 0.6. We find from Fig. 5 that T c is higher for the model with the softer symmetry energy (SLCd) that gives higher value of the symmetry energy in the low-density region where the LG phase transition occurs. Our finding is in agreement with that in Ref. [16] . Interestingly, we find that the sensitivity of T c to differences in the symmetry energy is exactly in contrast to that of T asy as shown in Fig. 2 . As seen in Fig. 5 , T c is not very typically sensitive to differences in the symmetry energy. In deed, the symmetry energy relies also on the temperature. In order to exhibit the dependence of the critical temperature on the symmetry energy, we draw in Fig. 6 the ratios of the critical temperature T c to the symmetry energy, the slope and the curvature modulus as a function of the isospin asymmetry. The symmetry energy is here expanded at density ρ h = 0.08f m −3 as
where L and κ sym are the slope and curvature of the symmetry energy at ρ h = 0.08f m −3 , and χ h = (ρ B − ρ h )/ρ h . The reason for choosing ρ h = 0.08f m −3 is due to the facts that the critical density at the critical point is below but close to 0.08f m −3 and that this density may be regarded as an average density over the surface and volume of finite nuclei [29] . We see from Fig. 6 that the ratios of the T c to the symmetry energy and its slope are just moderately different for the SLCd and SLC, while the distinction is surprisingly large for the curvature. This demonstrates that at the given symmetry energy and slope the T c is moderately different for the SLCd and SLC, consistent with the result shown in Fig. 5 . Though in the right panel of Fig. 6 the large departure can be observed for the T c at given curvatures, the final role of the curvature is restrained by the factor χ slope and curvature terms in Eq.(12) play an opposite role to that of the zero-order term in affecting the critical temperature. As a result, the critical temperature in hot asymmetric matter is just moderately model dependent, as shown in Fig. 5 . At last, it is interesting to point out that the limiting pressure in the binodal surface does not appear in the present models. As pointed out in Refs. [9, 13] , the limiting pressure that is a cutoff of the pressure beyond which the pair of the solution does not exist in the geometrical construction is a result of the density dependence of the ρ meson-nucleon vertex. However, this seems to be rather model-dependent. In deed, the difference in values of the limiting pressure is large in models applied in Refs. [9, 13] . In some nonlinear RMF models [16] where the density dependence of the ρ mesonnucleon interaction is actually induced by ρ-meson effective mass, the limiting pressure also does not appear.
SUMMARY
In summary, we have investigated the effects of the nuclear EOS with the densitydependent interactions on the liquid-gas phase transition in symmetric and asymmetric nuclear matter with the well-constrained RMF models SLCd and SLC that feature inmedium hadron properties according to the BR scaling and can provide satisfactory description for properties of finite nuclei and neutron stars. The critical temperature of the LG phase transition in symmetric matter is obtained to be 15.7 MeV for both models that have the same symmetric part of the nuclear EOS, in nice agreement with experimental data. With an analytic continuation from symmetric to asymmetric matter, we have obtained a temperature T asy in hot asymmetric matter according to the monotonicity of the pressure and demonstrated that this temperature is lower for the softer symmetry energy. It is found in hot asymmetric matter that the boundary of the phase-coexistence region is very sensitive to differences in the symmetry energy in SLC and SLCd, while the dependence on the EOS of symmetric matter is much weaker. A higher pressure and a larger area of the LG phase coexistence region appear with a softer symmetry energy. The critical temperature of hot asymmetric matter that separates the single-phase region from the two-phase region is found to be higher for the model with the softer symmetry energy, while the magnitude of the sensitivity is analyzed to be just moderate as compared with that for the boundary of the LG phase coexistence.
